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Fowler ( 1 ) estimated the respiratory dead space in man by recording simultaneously and continuously the nitrogen concentration and the volume flow at the mouth during a single expiration, following a breath of oxygen. Such an expiration may be divided into three phases. In the first part of expiration there is virtually no nitrogen. This is followed by an S-shaped rise in nitrogen concentration as alveolar gas begins to appear. Finally, when the dead space is washed out, the third phase, the 'alveolar plateau' is recorded. By substituting for the S-shaped curve a vertical line which represents a theoretical square front between dead space air and alveolar air, and computing the expired volume up to this front, Fowler obtained an estimate of the dead space for nitrogen, defined as "the volume of the conducting airway down to the location at which a large change in gas composition occurs."
The respiratory dead space for oxygen and carbon dioxide is of interest for several reasons. Firstly, the dead space presumably includes upper airways, bronchi and bronchioles. It is possible that there may be an appreciable transfer of oxygen and carbon dioxide between gas and blood in the smaller bronchioles, though not for the relatively insoluble gas nitrogen; in this case, these fine tubes would no longer be "dead space" for oxygen and carbon dioxide, so that the dead space volume for these gases would be smaller than for nitrogen. DuBois, Fowler, Soffer, and Fenn (2) measured the respiratory dead space for carbon dioxide but did not make comparisons of it with that for other gases in their subjects. Pappenheimer, Fishman, and Borrero (3), using an en- ' This work was supported in part by the National Heart Institute, United States Public Health Service, Grant H-406(C3). tirely different approach, recently showed that the dead space for carbon dioxide was the same as that for oxygen. They also made no comparisons with other gases.
Secondly, Krogh and Lindhard (4) and Douglas and Haldane (5), making measurements upon "alveolar" carbon dioxide, obtained vastly different results for the respiratory dead space. Haldane believed that a representative alveolar sample could only be obtained at the end of a forced expiration, and that samples collected earlier in expiration were contaminated by dead space gas. Krogh and Lindhard showed that in the later stages of a single expiration, the concentration of carbon dioxide, when plotted against time, rose to a plateau. They believed that an expired volume of about three times the dead space was sufficient to wash out the dead space completely and that subsequent changes in concentration were due to variations in the composition of alveolar gas itself. Fowler (6) confirmed the approximate straight line characteristic of the 'alveolar plateau' when he analyzed nitrogen continuously in the expired air during a single breath. He showed that once the nitrogen concentration curve reached the alveolar plateau, the changes in concentration occurring thereafter, if any, were due to uneven ventilation and not to further mixing of alveolar gas with dead space gas. The availability of a mass spectrometer for rapid gas analysis enabled us to make measurements of the alveolar plateau and of the dead space for oxygen, carbon dioxide, nitrogen and helium. With the possible exception of the helium dead space in some subjects, we have been able to demonstrate not only that the various dead spaces are the same, but also that the same volume of expired gas is required to, completely wash out the dead space for oxygen, carbon dioxide or nitrogen. 80 per cent helium-20 per cent oxygen, 100 per cent nitrogen or 100 per cent nitrous oxide, depending on the gas we wished to study during expiration.
The arrangement of apparatus is shown in Figure 1 . The sampling tubes of the mass spectrometer and of the nitrogen meter were fitted in the mouth piece. The instrumental dead space, from the edge of the mouthpiece to the tip of the sampling tubes, was 9 ml. In order to obtain an average sample from the gas stream, we found it necessary from experiments on model systems, to constrict the lumen of the mouthpiece, stepwise, to about 6 mm. diameter at the site of connection with the sampling tubes. At the expiratory flow rates used, the pressure across this constriction was 0.5 cm. of H20 or less. We routinely made a correction of 0.09 second for the lag of the mass spectrometer, regardless of the speed of concentration change, because we found from the same experiments on models that this single correction figure combined convenience and accuracy within the limits of error of the method.
B. Subjects. All were research workers, trained to In this schematic representation, the upper part of the record is from the mass spectrometer, the lower part from the light-weight one liter spirometer with attached potentiometer. A straight line is drawn through the 'alveolar plateau.' A vertical line is then drawn so that area A equals area B. This shows the time at which the transition from dead space gas to alveolar gas would have occurred if the alveolar gas had come through the mouth as a square front. As we were interested in the first part of the expired breath only, the gain of the potentiometer recording system was turned up so high that after about 400 ml. were expired, the pen writer ran off scale.
control their breathing. Their physical measurements are given in Table I Figure 2 shows schematically a typical record of expired gas concentration and volume. The theoretical boundary separating dead space and alveoli was found by Fowler's 'estimation' technique (1) which assumes that although the flow rate varies markedly during expiration it does not change greatly during the fraction of a second when the gas concentration is changing most rapidly. The inaccuracy introduced by this technique is less than the other errors of measurement. After correcting for time lag of the mass spectrometer, the amount of gas which has passed the sampling tip of the mass spectrometer up to the theoretical boundary is determined by dropping a perpendicular line to the volume record. From this value, 9 ml. is subtracted (dead space of mouthpiece) and the resulting figure, corrected to BTPS, is the dead space volume for the indicator gas in question.
The data for Subject 3 are shown in Figure 3 The scatter of the points seemed to be the same for the various times of breathholding. In an effort to reduce this scatter, we standardized the conditions of the experiment more rigidly, and made a large number of observations on Subjects 1, 5, 6, 9, and 10, at 2% seconds of breathholding for all four indicator gases: oxygen, carbon dioxide, nitrogen, and helium. The inspired gas was 80 per cent helium-20 per cent oxygen throughout. The subjects grasped the mouthpiece, which consisted of a metal tube, with their lips only, breathing through clenched teeth. This detail was necessary because we observed that allowing the teeth to be separated could produce an increase in dead space of 50 to 100 ml. as shown by Lindhard (7). Table II shows that there were no consistent differences in volume of dead space in Subjects 6, 9, To determine the effect of breathing helium on the oxygen and carbon dioxide dead spaces, we compared in subjects 1, 4, 5, 6, 9, and 10 the dead space of these two gases following: (a) A breath of air; (b) a single breath of 80 per cent helium-20 per cent oxygen; and (c) a three minute washout of the alveoli with this same mixture. We found no consistent difference.
In the experiments described so far, the dead space for the four indicator gases had to be measured on different breaths since our mass spectrometer will record only the concentration of one gas at a time. However, if the nitrogen meter is used to analyze for nitrogen while the mass spectrometer analyzes for oxygen or carbon dioxide, it is possible to obtain a continuous record of the concentration of two gases during the same expiration. This method was used on Subjects 5, 6, 7, 8, and 10. The subject inspired one breath of either 100 per cent nitrous oxide or 100 per cent oxygen, held his breath for 2½ to 30 seconds, and expired through a mouthpiece fitted with sampling tubes leading to both the mass spectrometer and a nitrogen meter. One hundred per cent oxygen was inspired when nitrogen and carbon dioxide concentrations were to be measured during expiration, and 100 per cent nitrous oxide when nitrogen and oxygen were to be measured. Nitrous oxide was selected by elimination. Among the available gases, nitrogen and oxygen could not be used because the dilution by water vapor of a dry inspired gas in the dead space produced a stepwise decrease in the record of the expired gas concentration which confused interpretation, if this same gas was used as the indicator. Helium could not be used because it distorts the N2 meter output.
To compensate for the differences in absolute value and slope of the respective alveolar plateaus, the expired gas concentrations at each point were recalculated as percentages of the extrapolated 'alveolar plateaus' at that point. As shown in Figure 4 , the corrected nitrogen concentration from the nitrogen meter record, and the corrected oxygen or carbon dioxide concentration from the mass spectrometer record always described virtually the same curve. For example, the deviation between the two curves presented in Figure 4 corresponded to a difference in dead space of less than 3 ml. Table II tions on one occasion was not as great as the variation between the mean values.of dead space determined on different occasions, in spite of the fact that the position of the subject, lung volume, inspired and alveolar gases, as well as the time of breathholding were apparently the same. For example, under controlled conditions, the carbon dioxide dead space of Subject 9 varied from 147 ml. to 186 ml. (unreported data; each the average of five observations) in one afternoon, a significant change. This type of variation occurred to some degree in all subjects. The small unavoidable differences in breathholding time which occurred were not great enough to have produced this variation nor was there a correlation. Therefore, we think that the physiological significance of these dead space differences is uncertain. The simultaneous use of the mass spectrometer and the nitrogen meter proved most useful when comparing the dead space for different gases because this unexplained variation between different breaths was eliminated. Unfortunately, helium could not be studied in this fashion, because it changes the sensitivity of the nitrogen meter. In any case the dead space for helium was not more than about 20 ml. smaller than the dead space for the other gases studied.
DISCUSSION

Subjects 1 and 5 in
As stated above, Fowler (6) has shown that in the case of nitrogen in normal subjects by the time the rising concentration joins the 'alveolar plateau,' the expired breath contains pure alveolar gas. Since the 02 and CO2 concentrations in the expired breath, expressed as fractions of their extrapolated 'plateau' values, are the same as the N2 concentration (Figure 4) , we have concluded that the dead spaces for 02 and CO2 are also completely washed out by the time their respective concentration curves have joined their 'alveolar plateaus.'
Gas exchange in the dead space could be studied in a precise manner by means of the simultaneous nitrogen and oxygen (or carbon dioxide) records corrected to fractions of their respective alveolar concentrations. During the entire expiration the two curves coincided. There were two interesting exceptions to this generalization. Firstly, in some experiments there was a stepwise change in concentration at the foot of the S-shaped rise ( Figure 5 ). Simultaneous records of nitrogen and oxygen (or carbon dioxide) concentrations in the expired gas demonstrated that the two gases followed the same concentration course during the step in the majority of instances. In those few experiments where this was not true, the nitrogen fraction was as often greater than the oxygen (or carbon dioxide) as vice versa. Therefore, we believe these steps did not represent significant gas exchange in the dead space. Secondly, in the simultaneous nitrogen and oxygen curves of all five subjects the oxygen concentration appeared to rise more rapidly than the nitrogen concentration (Figure 4 ), in particular after the breath was held for 20 seconds or more. This effect is equivalent to a time difference between the two concentration curves of 0.02 seconds, or to a decrease in 02 dead space of about 2 ml. These differences were so small that we are unable to say at present whether they were artefacts or not.
Galdston and Horwitz (8) reported an average rise in carbon dioxide tension and fall in oxygen tension of 3.7 mm. Hg (about 0.52 per cent of an atmosphere change in carbon dioxide or oxygen concentration) in the supraglottic portion of the airway during periods of breathholding of up to 30 seconds. Forssander (9) , who studied carbon dioxide only, showed that this exchange did not take place in the oral cavity. Following, as noted above, an inspiration of 100 per cent oxygen, simultaneous records of carbon dioxide and nitrogen concentrations in the expired gas showed that the carbon dioxide concentration did not rise (less than 0.05 per cent) until the nitrogen concentration started to rise, even after 30 seconds of breathholding. This made it unlikely that there was carbon dioxide exchange in that part of the expired gas that contained no alveolar gas (absolute dead space). The fact that the nitrogen and carbon dioxide concentration curves coincided during the rapid buildup of concentration in the expired gas made it improbable that a significant amount of carbon dioxide had diffused into the dead space. The oxygen concentration in the absolute dead space, under conditions comparable to those of Galdston, was difficult to interpret in terms of gas exchange because of the water vapor dilution mentioned above. As it was unlikely that oxygen would exchange to a greater extent than the far more soluble carbon dioxide, we do not believe that there was a significant exchange of carbon dioxide and oxygen between the dead space and the surrounding tissues. Figure 2 . The upper line is the carbon dioxide concentration, and shows a 'step' at the foot of the S-curve, as well as cyclic concentration changes synchronous with the heart beat. The lower line is expired gas volume. The terminal horizontal part of this line is produced by the recording pen reaching its limit of movement.
-' / t 7 ' P Figure 5 also shows how the shape of a number of curves was apparently affected by the action of the heart. The small changes in concentration synchronous with the heart beat are much more prominent in the records of some subjects than in those of others, for no obvious reason. When present, they continue throughout each entire expiration. This 'cardiac ripple' was most prominent in oxygen and carbon dioxide curves but it was also present in a number of nitrogen and helium curves. We did not observe in any of our records of alveolar oxygen concentration the paradoxical inversion of the alveolar plateau late in expiration described by Cotton (10) . I Fowler had shown that the nitrogen dead space decreased with increasing time of breathholding, and DuBois did the same for the carbon dioxide dead space. In Figure 3 we showed this decrease to be the same for oxygen, carbon dioxide and helium as for nitrogen. This decrease cannot be due mainly to diffusion because it is approximately the same for helium as for the other gases. The rapid diffusion of helium should have resulted in a smaller dead space. The most important cause of the decrease with time of the dead space volume is probably the churning action of the heart, as suggested by DuBois. Just why the curve is steepest for breathholding times up to 5 seconds is not clear. The shape of the curve suggests that at time zero the dead space might be at least twice as large as it is after 2½ seconds of breathholding. The curve further shows that the rate of decrease after 20 seconds of breathholding becomes very small indeed. This is in contradistinction to one of DuBois' subjects whose dead space was reduced to zero after 55 seconds of breathholding. None of our subjects approached zero values after 60 seconds of breathholding. Otherwise, our data for the dead space agree well with those of Fowler, DuBois, Pappenheimer, and Krogh to the extent that our studies were comparable with these.
The very first portion of every expired breath represents pure dead space gas without any admixture of alveolar gas. We found the volume of this 'absolute dead space' to vary considerably from breath to breath, but the simultaneous oxygen or carbon dioxide and nitrogen records showed that on the same breath it was the same for these three gases. We compared the absolute dead space of Subjects 1, 5, 6, 9, and 10 for helium and nitrogen, and found it to vary from 15 to 80 ml., but without any trend that would differentiate between these two gases.
